We used the pig as a model to assess the effects of dietary fat content and composition on nutrient oxidation and energy partitioning in positive energy balance. Pigs weighing 25 kg were assigned to either: 1) a low fat-high starch diet, or 2) a high saturated-fat diet, or 3) a high unsaturated-fat diet. In the high-fat treatments, 20% starch was iso-energetically replaced by 10.8% lard or 10.2% soybean oil, respectively. For 7 d, pigs were fed twice daily at a rate of 1200 kJ digestible from labeled fatty acids rose within 2 h after ingestion but peaked around the next meal. This peak was induced by an increased energy expenditure that was likely related to increased eating activity. In conclusion, oxidation of dietary fatty acids in growing pigs depends on the inclusion level and composition of dietary fat. Moreover, our data suggest that the most recently ingested fatty acids are preferred substrates for oxidation when the direct supply of dietary nutrients has decreased and ATP requirements increase.
Introduction
In adults, a positive energy balance results in the deposition of body fat. It has been suggested that primarily dietary fat is utilized with high efficiency (.90%) for deposition (1) . In nongrowing humans and rodents, dietary fatty acids are also retained. The metabolism of dietary 18-carbon fatty acids, for example, has been assessed by carbon-tracer methodology in nongrowing subjects (2) (3) (4) . In these studies, cumulative oxidation of the ingested fatty acids ranged between 3 and 40%, indicating that in subjects fed close to their maintenance energy requirements, the vast majority of dietary 18-carbon fatty acids are deposited, at least temporarily. Yet, individual dietary 18-carbon fatty acids differ in their fractional oxidation in human subjects (2, 5, 6) , and factors like the degree of saturation as well as dietary fat content affect the metabolic fate of dietary fatty acids. The degree of saturation is considered an important determinant of the variability in oxidation of dietary 18-carbon fatty acids. Oleate, linoleate, and linolenate are preferentially oxidized over the saturated stearate (3) (4) (5) , but mutual differences in oxidation between the unsaturated 18-carbon fatty acids are less pronounced. Dietary carbohydrate and fat contents (6) and differences in physical activity as well as training level can also affect the oxidation of dietary fatty acids and may therefore contribute to the variability in oxidation of 18-carbon fatty acids between studies. The use of individual dietary fatty acids for fat deposition has not been quantified at energy intakes that exceed maintenance levels, which is likely due to methodological and ethical limitations in human studies. Therefore, animal studies are needed to determine effects of dietary fat content and degree of saturation on the trafficking of dietary fat at high energy intakes.
Despite some differences between human and porcine fat metabolism, the pig is considered an excellent animal model for humans leading a sedentary life and tending toward excessive energy intake (7) (8) (9) . Nutrient requirements of pigs resemble those in humans more than in any other nonprimate mammal (8) . Indirect calorimetry data obtained in humans and pigs have indicated that almost all dietary fat consumed above maintenance is retained (10, 11) . For linoleate and linolenate, however, comparative slaughter studies revealed a recovery of 50 and 70% of the ingested dose, respectively (12, 13) . Indirect calorimetry and comparative slaughter are both mass balance techniques that only reveal net changes in fat deposition. These techniques cannot discern deposition of dietary fatty acids from de novo fatty acid synthesis, which is the major source of deposited lipids in growing pigs (10) .
In the current study, we therefore assess the effects of dietary fat content and 18-carbon fatty acid composition on the oxidation of these dietary fatty acids and glucose in growing pigs by combining indirect calorimetry with carbon-tracer methodology.
Methods
Animals and housing. Twenty-six barrows (Yorkshire 3 Finnish Landrace) 3 Pietrain were used in 13 trials of 2 pigs each. Pigs were assigned to 1 of 3 dietary treatments differing in the source of additional dietary energy added to the basal diet; starch (ST) 3 vs. lard (L) vs. soybean oil (SO). In each trial, 2 of the 3 diets were tested.
Twelve days before the start of a trial, pigs arrived at the experimental facility at a BW of 24.6 6 0.2 kg. During this initial period, pigs were adapted to the treatments and individual housing conditions. During the subsequent 7-d experimental period, each pig was housed in 1 of 2 identical climate respiration chambers (1.0 3 0.8 m), comparable in design to those described previously (14) . During the experimental period, ambient temperature and relative humidity were maintained at 228C and 65%, respectively. Air velocity was ,0.2 m × s
21
. A 12-h light:dark cycle was applied. Lights were on between 0700 and 1900.
The experiment was approved by the Ethical Committee of Wageningen University.
Diets and feeding. The experimental diets contained in addition to a protein-rich basal diet: 1) 200 g × kg 21 pregelatinized potato starch (Passelli WA4, Avebe), 2) 108 g × kg 21 lard (Ten Kate), or 3) 102 g × kg 21 soybean oil (Romi Smilfood) ( Table 1) . Pigs were fed equal amounts of calculated DE, protein, and ileal digestible amino acids, vitamins, and minerals. Because of the differences in DE density, pigs were fed different amounts of dry matter.
Pigs were fed according to their metabolic BW (kg 0.75 ), adjusted daily for an anticipated daily gain of 500 g. DE requirements for maintenance (DE m ) were assumed to be 480 kJ × kg 20.75 × d
, and the feeding level was 2.5 × DE m . Pigs were fed twice a day, at 0700 and 1600, during the adaptation and experimental periods. During the first 5 d of the 12-d adaptation period, pigs received a commercial diet (water:feed as 2.5:1) appropriate for their age and BW. During the next 2.5 d, the pigs were gradually switched to the experimental diets that were also fed as slurries applying a water:feed ratio of 2.5:1. During both periods, the pigs had to eat their feed allowance within 30 min after provision. Thereafter, access to the feeders was denied and feed residuals were collected immediately. During the first 3 d of the adaptation period, pigs had free access to drinking water, thereafter the liquid diets were the only source of water.
Stable isotopes. Oxidation of dietary fatty acids was measured by mixing boluses of [U- C-labeled fatty acids, these tracers were dissolved in ether and added to 100 g of the diet. Ether was evaporated overnight at room temperature. The labeled feed was mixed with the remainder of the feed and then supplied to the pigs.
In addition, a bolus of 53 mg [U- 13 C] glucose (Cambridge Isotope Laboratories) was supplied at 1 h after the 1600 meal on d 1, except for trials 1 to 3, when [U- 13 C] glucose was supplied on d 6 (instead of oleic acid). The 1-h delay in glucose supplementation was chosen to prevent preferential glucose oxidation due to asynchronous absorption of tracer vs. tracee, as found in previous pig studies (J.J.G.C. van den Borne and W.J.J. Gerrits, unpublished results). Therefore, the [U- 13 C] glucose was dissolved in 250 mL water, mixed with 100 g of feed (taken from the total feed allowance at 1600), and supplied to the pigs.
Enrichment of 13 C in expired CO 2 was continuously measured during 6-min intervals by nondispersive infrared spectrometry (Advance Optima Uras 14, ABB) as described by Alferink et al. (15) . Enrichment of 13 C in CO 2 was multiplied with the rate of CO 2 production to obtain the rate of Measurements. Individual BW was measured at the start (d 1) and end (d 8) of the experimental period. Dry matter intake was calculated per pig (dry matter allowance minus dry matter residuals). Apparent fecal digestibility of fat and energy as well as nitrogen balances was determined for trial 4 to 13. For this purpose, feces plus urine (as manure) were collected quantitatively per pig from d 1 to d 8 and sampled for energy, fat and nitrogen analysis. Feed samples were also analyzed for energy, fat, and nitrogen contents. Apparent fecal digestibility of dietary fat was calculated under the assumption that feces were the only possible source of fat in the manure. ME intake per group was calculated as gross energy intake minus energy in manure and methane. H tot for each group was determined every 6 min from the measurements of oxygen consumption, carbon dioxide, and methane production as described by Verstegen et al. (14) , using the method of Brouwer (16) . Heat production was measured for six 24-h 1 Pigs were fed equal amounts of digestible energy (DE), protein, ileal digestible amino acids, vitamins and minerals. Therefore, the sum of ingredients of the lard and soybean oil diet is 11.5 and 12.3% lower, respectively, when compared to that of the starch diet. Because of the differences in nutrient density, pigs were fed different amounts of dry matter. 2 The basal diet supplied the following ingredients per kg of complete starch diet:
soybean oil, 20 g; soybean meal, 100 g; wheat, 37 g; sugar beet pulp, 50 g; barley, 100 g; wheat gluten meal, 40 g; potato protein, 40 g; vitamin and mineral premix, 5 g; limestone, 11.5 g; monocalcium phosphate, 11 g; salt, 4.5; L-lysine HCl, 3. periods, from d 2 to 7. ER was calculated by subtracting H tot from ME intake. The retention of N was calculated by subtracting N in feces plus urine and in aerial NH 3 from N intake. ER p was calculated from N retention using a caloric value of 23.6 kJ × g protein 21 , and ER f was calculated by subtracting ER p from ER. Physical activity was recorded per pig in the same time intervals as H tot using a radar device according to the method of Wenk and Van Es (17) . Calculation of H act was done as described by Gentry et al. (18) . H rest was derived by substracting H act from H tot .
Analytical procedures. Kjeldahl nitrogen was analyzed (ISO 5983/ NEN 3145) in feed, fresh manure, in condensed water collected from the respiration chambers, and in acidified liquid samples through which outflowing air from the chambers was led for trapping gaseous ammonia. Dry matter (ISO 6469/NEN 3332), crude fat (ISO-DIS 6492), crude ash (ISO 5984/NEN 3329), acid-insoluble ash (ISO 5985), and gross energy (adiabatic bomb calorimetry, IKA-C700, Janke & Kunkel) were analyzed in these samples after freeze drying. Additionally, freeze-dried feed samples were used to determine the contents of starch and sugars (NIKO-MEMO 93-302) as described by Goelema et al. (19) .
Statistical analysis. For all traits, the pig was considered as the experimental unit. Effects of dietary treatments on performance and energy metabolism traits were tested by restricted maximum likelihood using the MIXED procedure of SAS (version 9.1, SAS Institute) by means of an F-test according to a model with diet and trial as fixed and random factors, respectively. Differences in mean total recoveries between the three fatty acid tracers were tested using a model with isotope and trial as fixed and random factors, respectively. Pairwise differences were evaluated by t tests and Tukey adjustments. Hourly means of the 13 C recoveries and H tot were analyzed as repeated measures within pigs using the REPEATED statement in the MIXED procedure of SAS. All hourly means were analyzed using the spatial power structure to model covariance. Significance was set at P , 0.05.
Results
General observations. Two pigs receiving the soybean oil treatment were not included in the calculations of the energy balance because they refused .10% of the daily feed supply.
Fractional oxidation of dietary fatty acids and glucose. Production of 13 CO 2 after a bolus dose of 13 C-labeled fatty acids was affected by dietary treatment ( Time-related changes in oxidation and heat production. In general, oxidation patterns of the fatty acids showed an initial rise during the first 4 to 5 h after feed intake, and then 13 CO 2 production leveled off for ;5 h, followed by a second increase and a maximum after ;16 h, which coincided with the next meal (Figs. 1A -1C) . Thereafter, 13 CO 2 production declined and returned to baseline levels at ;30 h after feeding.
The postprandial patterns of 13 CO 2 production from [U- (Fig. 1B) , but the SO and L groups were similar. In the late postprandial phase (5-16 h), 13 CO 2 production from fatty acids diverged between individual treatments and resulted in greater oxidation of stearic acid (Fig. 1A) in the L pigs than in the SO pigs, whereas this order reversed for oleic acid. The postprandial patterns of 13 CO 2 production from [U- 13 C] linoleic acid for both high-fat groups were similar (Fig. 1C) .
After ingestion of labeled glucose, 13 CO 2 production rapidly increased and peaked at 3 h (Fig. 1D) for all treatments. Then, Fatty acid oxidation in growing pigs 1659
13 CO 2 production gradually returned to baseline levels at 16 h after ingestion. The fractional oxidation of [U- 13 C] glucose in the ST pigs reached a higher (P , 0.05) peak value than in both high-fat groups.
Consistently, meal ingestion at 0700 and 1600 was followed by a peak in heat production ( Fig. 2A and 2B ). The circadian patterns in H tot ( Fig. 2A ) and H act (Fig. 2B) were affected by the dietary treatments as indicated by the interaction between time and diet (P , 0.001 and P , 0.05 for H tot and H act , respectively). The circadian fluctuation in H tot and H act in the SO pigs was lower than in other groups.
Digestibility and deposition of fat and protein. Apparent fecal digestibility of fat was lower (P , 0.001) in the ST pigs (56.4%) than in the high-fat groups (84.4 and 86.1% in the L pigs and SO pigs, respectively).
The intake of GE and ME differed between diets ( Table 3) . Pigs in the L group had a higher GE intake (P , 0.05) than SO pigs, which in turn had a higher (P , 0.05) GE intake than the ST pigs. ME intake did not differ between the high-fat groups but were higher (5% for the L group and 2% for the SO group, respectively; P , 0.05) than in the ST group. Neither H tot nor its constituents (H act and H rest ) were affected by the dietary treatments, but ER and ER f differed between treatments (P , 0.001 and P , 0.01, respectively; Table 3 ). Total ER as well as ER f were higher (P , 0.05) in the L-pigs (20 and 30%, respectively) than in the ST pigs.
In addition, pigs in both high-fat groups had a 7% higher (P , 0.05) ER p than those in the ST group (Table 3) . Differences in the efficiency of nitrogen used for growth paralleled differences in ER p (Table 3) . Pigs in the L group were 2.8% more (P , 0.05) efficient in using dietary nitrogen for growth than the ST pigs; the SO pigs were intermediate.
The ratio between ER and ME intake of the pigs in the L group was 13% higher (P , 0.05) than in the ST group, but neither group differed from the SO pigs. Pigs in the high-fat groups had a similar RQ, which was 10% lower (P , 0.05) than in the ST group (Table 3) .
Discussion
Postprandial patterns of fatty acid oxidation. In general, the fractional oxidation rate of the [U- 13 C] 18-carbon fatty acids rose within 2 h after ingestion, but peaked around the next meal. To our knowledge, all human carbon-tracer studies showed only a single peak in fatty acid oxidation during measurement periods up to 168 h (20) with peak values occurring after 3-8 h (21,22) after tracer administration. The specific biphasic pattern of oxidation in pigs at positive energy balance may be the consequence of a variety of underlying mechanisms, including the availability of substrates for ATP production. The second peak in recovery likely relates to an increase in energy demand for physical activity (see Table 2 ). There were time 3 diet interactions (P , 0.001 for all three [U- 13 C] fatty acids and P , 0.05 for [U-
13 C] glucose). Pairwise differences between treatments are indicated at specific time points (* = P , 0.05). The arrows indicate feeding at 0700 and 1600, respectively. Recoveries of fatty acid labels were measured during a 40-h period of which only the first 32 h are shown. Fig. 2B ), which usually occurs around meals in pigs (23) . At the time of this meal (15 h after isotope administration), glucose supply was likely exhausted, as exemplified by the rapid drop in RQ before this meal (data not shown), the low recovery rate of 13 CO 2 from [U- 13 C] glucose at this time (Fig. 1D) , and a previous study (24) . It is interesting that this increase in ATP production, triggered by eating activity, appears to favor the oxidation of recently deposited ( 13 C-labelled) fatty acids over fatty acids deposited from previous meals. This "last-in, first-out" nature of fatty acid oxidation might be related to the type of pools in which these fatty acids are (temporarily) stored and the specific fat turnover rates in these tissues (e.g., muscle lipids vs. subcutaneous backfat) as demonstrated previously in pigs and rodents (25, 26) . According to Raclot and Groscolas (27) this may hold for shortterm experiments, because recently absorbed fatty acids may not mix immediately with the bulk of lipids in various pools. For longterm dietary treatments, however, chain length, unsaturation, and positional isomerism are considered as the most important determinants for fatty acid mobilization (27) . However, a clear distinction between short-term and long-term experiments was not made.
Sequestration of 13 CO 2 may have caused an underestimation of fatty acid oxidation but the absence of a second peak in [U- 13 C] glucose oxidation indicates that it does not explain the second peak in the pattern of [U- 13 C] fatty acid oxidation (28).
Hence, the most recently ingested fatty acids seem to be the preferred oxidation substrates when the availability of glucose is limited and physical activity increases. Across dietary treatments the second peak was largest after the bolus dose of [U-13 C] oleic acid, which is in line with the observations in humans that monounsaturated fatty acids are preferred over saturated fatty acids as fuel for exercise (29) .
Although the level of energy intake in this pig study exceeds the common intake by humans, similar mechanisms may operate in humans during positive energy balance, such as with growing children and adolescents developing obesity. The trafficking and oxidation of dietary fatty acids may therefore depend on energy status and result in biphasic oxidation patterns at excessive intakes.
Oxidation of dietary fatty acids in growing pigs. The 40-h recoveries from oxidation of dietary oleate and linoleate in growing pigs fed the high-fat diets were generally low (14-20%) but higher than the recovery of dietary a-linolenic acid in pigs fed 5-10% flaxseed (30) . Such low recoveries can be explained by the high levels of energy intake in growing pigs that commonly double or even triple the energy needed to maintain BW. As a consequence, considerable accretion of adipose tissue occurs with a high energetic efficiency (;90%) (11) and therefore low levels of fatty acid oxidation. On the contrary, in adult humans the net accretion of adipose tissue is negligible, suggesting that all ingested dietary fatty acids are oxidized. Yet, cumulative oxidation of fatty acids is always substantially lower than 100% and highly variable. For example, the recovery of 13 C labeled linoleate as 13 CO 2 varied from 9 to 23% of the ingested dose (31) , whereas variability in the postprandial oxidation of oleate is even greater and ranges from 15 (2) to 40% of the ingested dose (21) . Studies reporting recoveries of labeled fatty acids in breath do not often extend beyond 24 h. McCloy et al. (20) demonstrated that from 24 to 168 h postdosing, a large proportion of 13 C is recovered in breath, although even after 168 h, the cumulative recovery of 13 C labeled linoleate as 13 CO 2 still amounted to only 45% of the administered dose. In line with findings in rats (32, 33) , our pig data combined with the mentioned human data suggest that the oxidation of dietary fatty acids does not always reflect net accretion of adipose tissue, and the contribution of dietary vs. mobilized fatty acids to whole body fat oxidation depends on the level of energy intake.
Dietary fat content and composition. Postprandial oxidation of 18-carbon fatty acids from the diet doubled when the dietary fat content increased from 7 (ST diet) to 29% of DE (high-fat diets). Data from humans in the fasting state show that carbohydrate and fat content of the diet have a major influence on fat oxidation (6, (34) (35) (36) (37) . The present study demonstrated that postprandial cumulative recovery of 13 CO 2 from [U-13 C] glucose was not significantly affected by the exchange of dietary starch for fat, indicating that a similar proportion of the carbohydrate energy ingested was oxidized. As a consequence, the remaining glucose available for de novo fatty acid synthesis was smaller in the high-fat groups. This was confirmed by the reduced RQ values for the high-fat diets (Table 3) .
In addition, data from the current study show that oleic and linoleic acid are more readily oxidized than stearic acid in growing pigs. Differential oxidation of individual fatty acids has also been demonstrated in rats (38) , preruminant calves (39) , and humans (3) (4) (5) 40) . In these studies, differences were mainly related to chain length and degree of saturation. In agreement with our results, studies in humans using indirect calorimetry (3,4,40) and 13 C FIGURE 2 Circadian rhythms of total heat production (A) and activity related heat production (B) in growing pigs fed a basal diet supplemented with either lard (L), starch (ST), or soybean oil (SO). Results are expressed as least square means 6 SE, n = 5-7 per treatment (for details see Table 2 ). The circadian patterns differed between dietary treatments (P , 0.001 and P , 0.05 for total heat production and activity-related heat production, respectively). Pairwise differences between treatments are indicated (* = P , 0.05). The arrows indicate the feeding at 0700 and 1600, respectively.
Fatty acid oxidation in growing pigs 1661 labeled fatty acids (5) showed that long-chain unsaturated fatty acids were preferentially oxidized over saturated fatty acids. However, the difference between oxidation of monounsaturated vs. polyunsaturated fatty acids was less clear in growing pigs. Postprandial oxidation of the monounsaturated [U- Net utilization of energy and protein for growth. The present experiment showed that utilization of ME for body fat deposition in pigs was higher for fat-based than for starch-based diets at identical DE intakes, which corresponds with biochemical efficiencies and previous studies in growing pigs (11, 42) . Nitrogen utilization for growth was ;2.8%-units higher in pigs fed high-fat diets than in those fed the starch diet. Apart from the reduction in ME intake in the starch group, an increased ileal (43) and fecal (44) digestibility of protein with high-fat diets may explain this enhanced nitrogen utilization. Nevertheless, Berschauer et al. (45) reported increased nitrogen retention after an isoenergetic increase in dietary fat but without a concomitant increase in protein digestibility. Heat production and its constituents (H act and H rest ) were not affected by dietary fat content, but the RQ was higher in the starch group than in both high-fat groups (Table 3 ). This corresponds with findings in nongrowing humans who received either high fat-low carbohydrate or iso-energetic low fat-high carbohydrate diets (6) . Moreover, from a biochemical point of view, the higher RQ in the starch group would be expected. The RQ for lipid synthesis from glucose (RQ = 3) contributes largely to an increase in overall RQ, whereas deposition of dietary lipids as body lipids does not affect overall RQ (24) . The numerically higher ratio between ER and ME in the high-fat groups (Table 3) agrees with a more efficient body fat deposition on high-fat diets in rats (46) . The present study demonstrated that oxidation of dietary 18-carbon fatty acids is diet-dependent in growing pigs. In general, fractional oxidation of dietary fatty acids increased with increasing dietary fat content. The saturated [U- 13 C] stearic acid was less oxidized than the unsaturated fatty acids ([U- 13 C] oleic acid and [U- 13 C] linoleic acid. Pigs fed soybean oil, but not those fed lard or starch, oxidized [U- 13 C] oleic acid to a greater extent than [U- 13 C] linoleic acid. Thus, selection of dietary 18-carbon fatty acids for oxidation in pigs may depend on the inclusion level and composition of dietary fat. Moreover, the current study showed a biphasic pattern in the fractional oxidation of dietary 18-carbon fatty acids in pigs at high energy intakes. This suggests that that the most recently ingested fatty acids are preferred substrates for oxidation when the direct supply of dietary nutrients has decreased and ATP requirements increase. 
